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(57) Abstract 

This invention relates to highly porous open 
cell (3) foam smictures (1) and to methods of 
preparing these highly porous open cell (3) foam 
structures (1) for use in improved catalytic systems. 
More specifically, this invention relates to highly 
porous open cell (3) foam structures (1) comprising 
open cell (3) foam structures (I) having a three- 
dimensional array of interconnected micro-rods (2). 
The micro-rods (2) comprise an inner core material 
integrally bonded to a porous outer layer wherein 
the porous outer layer comprises a material having 
a substantially higher porosity than the inner core 
material. 
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OPEN CELL FOAM STRUCTURES, CATALYSTS SUPPORTED 
THEREBY AND METHOD OF PRODUCING THE SAME 


5 

FIELD OF THE INVENTION 

This invention relates to highly porous open cell foam 
structures, to catalysts supported thereby and to methods 
10 of producing the same. 

BACKGROUND OF THE INVENTION 

In order to reduce or overcome the problems of 
environmental pollution caused by pollutants such as 

15 carbon monoxide, nitrogen -oxide coir5)ounds and toxic 
organic conpounds that are produced in the exhaust of 
power plants or transportation vehicles, a need exists to 
provide catalytic processing equipment which removes or 
reduces the level of these noxious cortponents. For this 

20 purpose, it is inportant to create catalytic systems that 
can withstand high temperatures so that it is possible to 
reduce the overall dimensions of the catalytic system and 
diminish the power consumption, while still realizing 
effective catalytic removal of the noxious coit5)onents . 

25 

Effective catalytic systems are also required for 
preventing the build-up of hydrogen in nuclear power 
plants. Typically, excessive hydrogen levels may be 
reduced by using devices employing high temperature 
30 catalytic systems or flames. Unfortunately, devices that 
use high texnperature systems or flames to reduce the 
excessive hydrogen levels, instead of reducing the risk, 
may actually increase the risk of a hydrogen explosion 
under certain circumstances. 
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Catalysts or catalyst supports based on open cell foam 
structures are known; J. Brockmeyer and J.F. Pizzirusso, 
"Ceramic Foam Offers Surprising Properties," J. Materials 
Engineering, pp. 39-41, July 1988; J. McCallion, "New 
5 Materials, Applications Enter Booming Ceramic Scene," pp. 
23, May 1988; and Antsiferov, V.N., Kundo, N.N. , 
Ovchinnikova , V . E . , Nokhrina , T . F . , Porozova , S . E . and 
Fedorov, A.A. , "Methane Conversion Catalyst Support 
Produced by Means of Powder Metallurgy, " Russian J. 

10 Appl. Chem. , 1990, No. 9, pp. 1999-2003. Open cell foam 
structures having an interconnected open cell structure 
may have a porosity of up to 99% and a permeability for 
liquid and gas substances of up to 10"' rf, Antsiferov, 
V.N., Ovchinnikova, V.E., Porozova, S. Ya. , Fedorova, E. 

15 F.; "Highly Porous Cellular Ceramic Materials," Styeklo e 
Kyeramika, 1986, pp. 19-20. 

Open cell foam structures may be prepared by using a 
reticulated polymeric foam as a substrate, e.g., 

20 reticulated polyurethane foam. Reticulated foam 

substrates are disclosed, for example, in U.S. Patent No. 
3,946,039. In the first step, a layer of ceramic or 
metallic material is deposited on the exposed surfaces of 
the reticulated foam substrate. This deposition step may 

25 employ a variety of known techniques such as slip 

casting, chemical plating or galvanic plating. The open 
cell foam structure is produced by heating the 
reticulated polymeric foam substrate containing the layer 
of ceramic or metallic material, which results in 

30 destruction and removal of the reticulated polymeric foam 
substrate, e.g., by evaporation. Agglomeration, e.g. by 
sintering, of the ceramic or metallic particles during 
the heat treatment produces a structure that may be 
considered to be an analogue of the original reticulated 

35 polymeric foam. That is, the network of pores and open 
cells present within the structural framework of the 
original reticulated polymeric foam is converted into a 
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product having a three dimensional array of 
interconnected micro- structural elements forming the 
edges of the cells in the open cell foam structure. 
These micro- structural elements are herein referred to as 
5 micro -rods. 

The surface of the micro- rods forming the open cell foam 
structures normally appears smooth and is not very porous 
because the sintering processes typically used to produce 

10 these structures lead to surface configurations having a 
minimum free energy level, and thus, to surfaces having a 
low specific surface area. If such open cell foam 
structures are used as catalysts or as catalyst supports, 
the smooth surfaces of these micro -rods are considered to 

15 be a substantial drawback. This is generally understood 
to be due to the fact that heterogeneous catalysis 
becomes much less effective on surfaces having a low 
specific surface area. 

20 Higher catalytic reactivity can be realized if the 

materials comprising the micro- rods that form the open 
cell foam structures have micropores which constitute 20% 
to 80% of the total volume of the micro- rods. Highly 
porous micro- rods having a surface micro- structure with a 

25 high specific surface area have a high capacity for water 
absorption. Since the catalytic effectiveness of a porous 
catalytic surface may be generally correlated with water 
absorption capacity of the surface, a high water 
absorption is indicative of more effective catalytic 

30 fxinctioning. Unfortunately, open cell foam structures 
having micro- structural elements with 20-80% porosity 
have poor structural strength; Great Britain Patent No. 
1,388,912 (1975) . 

35 It is known that reactivity of the catalyst can be 
enhanced by depositing a support layer, such as 7- 
aluminum oxide on an open cell structure, (U.S. Patent 
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No. 3,565,830). The layer of 7-aluminum oxide is 
characterized by a highly developed surface structure 
with a specific surface area of up to 100 rf/g. The high 
specific surface area provides for effective pick-up of 
5 the reactive components and for a high-quality dispersion 
of the active catalytic conqponent. For open cell foam 
structures, however, because of the smooth surfaces and 
the low capacity for water absorption, the deposited 
carrier layer tends to be too thin, discontinuous and 
10 poorly adherent to the smooth surface. This layer is 
easily peeled off as a result of large or abrupt 
temperature changes. 

Another problem. of existing catalytic systems relates to 
the fact that carbon monoxide is one of the main 
contaminants of emission gas mixtures produced by 
transportation vehicles and power plants. Until now, 
catalysts formed from platinum or palladivmi, or alloys 
thereof, have been considered to be the most effective 
catalysts for removing CO, by oxidation, from emission 
gas mixtures. The high cost of platinum- and palladium- 
containing materials can make the gaseous decontamination 
equipment quite expensive. The development of lower cost 
non-platinum or non-palladium catalysts for CO oxidation 
could produce significant cost savings for programs 
directed toward reducing environmental pollution. 

ADVANTAGES AlID SUMMARY OF THE INVENTION 

An object of the present invention is to provide highly 
30 porous open cell foam structures which overcome the 

above-mentioned problems of prior art catalytic systems. 

More specifically, an object of the present invention is 
to provide highly porous open cell foam structures having 
35 both high structural strength as well as highly porous 
surfaces having a high specific surface area. 
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Still another object of the present invention is to 
provide a convenient and reliable method for preparing 
open cell foam structures suitable for use in catalytic 
systems. 

5 

* Yet another object of the present invention is to provide 

high porosity catalytic systems having both high strength 
and high catalytic activity at high reagent flow rates. 

A specific advantage of the present invention is that 
catalysts based on highly porous open cell copper foam 
structures can be produced which may be as effective as 
much more expensive platinum- or pal ladixim- containing 
catalysts . 

Yet another advantage of the present invention is that an 
open cell foam structure with a highly porous surface 
microstructure may be used either as a catalyst support 
or as the catalyst itself. 

Still another advantage of the present invention is that 
catalytic systems based on open cell foam structures may 
be used to catalytically reduce excessive hydrogen levels 
without using high- tertperature or flame -containing 
devices. 

Another advantage of the present invention is that high 
efficiency catalytic systems can be produced that have 
high reaction rates due to high burning tenperatures . 

Still another advantage of the present invention is that 
a non- channeled open cell porous structure may be used as 
a physical filter to effectively trap noxious reagents. 

35 These and still other objects and advantages can be 

achieved with an open cell foam structure having a three 
dimensional array of interconnected micro- rods forming 


10 


15 


20 


25 
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the edges of the open cells of the open cell structure, 
the micro- rods having an inner core integrally bonded to 
a porous outer layer, the inner core comprising a first 
material and the porous outer layer comprising a second 
5 material, wherein the second material has a substantially 
higher porosity than the first material. 

The open cell foam structures of the present invention 
may be formed by a method comprising preparing a first 

10 slip composition containing a first solvent, a first 
binding a gent and a first ^ceramic material; coating a 
reticulated polymeric foam with the first sli p 
composition to produce a coated polymeric foam having a 
first layer on the exposed surfaces of the reticulated 

15 polymeric foam; d rying the coated polymeric foam to 
produce dried blanks of the coated polymeric foam; 
preparing a second slip composition containing a second 
solvent, a second binding agent, a second ceramic 
material and a pore- forming additive; coating the dried 

20 blanks with the second slip corrposition to produce a 

doubly- coated polymeric foam having a two- layer coating 
on the exposed surfaces of the polymeric foam; and 
heating and s interin g the doubl y- coated polymeric foam to 
form a highly porous open cell foam structure. 


25 

Alternatively, a highly porous metallic open cell foam 
structure may be prepared by a method con5)rising 
preparing a open cell foam structure wherein the 
structure comprises a three dimensional array of 

30 interconnected micro- rods forming the edges of the open 
cells of the open cell structure; oxidizing the surface 
of the micro- rods to form a porous surface microstructure 
that forms on the outer layer of micro- rods, and reducing 
the porous surface microstructure with hydrogen to form a 

35 highly porous open cell foam structure. Preferably, for 
this embodiment of the subject invention, the micro- rods 
coirprise copper. 
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In addition, a device for removing or reducing excessive 
hydrogen levels may be made by using a catalyst 
coit^jrising a catalyst support; a carrier layer on the 
catalyst support; and a catalyst coated on the support 
5 layer; wherein the catalyst support comprises an open 
cell foam structure having a three dimensional array of 
interconnected micro- rods forming the edges of the open 
cells of the open cell structure, the micro- rods having 
an inner core integrally bonded to a porous outer layer, 

10 the inner core comprising a first material and the porous 
outer layer coitprising a second material, wherein the 
second material has a substantially higher porosity than 
the first material. Preferably, for this embodiment of 
the subject invention, the micro- rods comprise nickel and 

15 chromium, the catalyst support cort5)rises 7-aluminum oxide 
and the catalyst comprises platinum and rhodiinn. 

Further objects and advantages of the subject invention 
will be apparent to those skilled in the art from the 
20 following detailed description of the disclosed highly 
porous open cell foam structures and the methods for 
producing highly porous open, cell foam structures . 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1. An illustrative representation of the localized 
microstructure of an open cell foam structure. 

5 Fig. 2. Schematic illustrations of the triangular 
cross -sections of the micro -rods disclosed herein. 

Fig. 3. A representative illustration of the 
compression strength (MPa) vs. the porosity of the inner 
10 core (curve 1) and vs. the ratio of the inner core 

thickness to the total micro- rod thickness (curve 2) . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

While the following description of preferred embodiments 
15 of the present invention is intended to provide detailed 
instructions that would encible one of ordinary skill in 
the art to practice the invention, the scope of the 
invention is not to be limited to the scope of the 
specific product or process details hereinafter provided . 

20 

The basic unit of the macroscopic porous space of open 
cell foam structures may be generally represented by a 
cell that is typically shaped as a pentagon -dodecahedron. 
In terms of cubic symmetry, this corresponds to one of 

25 the simple shape types for which the class is designated 
as m3 . The coordination nximber, as determined by the 
number of adjacent neighbors for each given cell, is 12. 
A coordination momber of 12 is evidence that the 
repeating units in the open cell foam structure are 

30 characterized by a high packing density of polyhedron 

cells. Open cell foam structures, in general, have areas 
of local short-range order in the macroscopic structure 
formed by the polyhedron cells. Long-range order does 
not normally exist in the types of open cell foam 

35 structures described herein. 

The three-dimensional region of local short-range order 
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in open cell foam structures may typically have a size 
that includes four to five polyhedron cells. This 
results in channels being present in the structure 
wherein the channels may have a thickness which is 0.3 to 
5 0.5 times as thick as the cell diameter. However, unlike 
normally ordered lattice structures (e.g. honeycomb 
structures) having long-range order with continuous 
straight- line channels aligned in parallel with the high 
order axes, the channels in the pore space structure of 
10 open cell foam structures are typically built up from 

short straight-line channels which, on average, are 4 to 
6 times as long as the cell diameter. 

The herein-described channel -type porosity, which is 
15 characteristic of the macroscopic structure of highly 

porous open cell foam structures, simultaneously accounts 
for the high permeability of highly porous open cell foam 
structures as well as for the reduced chance for the 
reactant materials, e.g. noxious coir^jonents, to pass 
20 through such structures without reacting. By properly 
controlling the effective channel dimensions so as to 
balance the coitqpeting needs of high permeability and high 
reactivity, such structures offer considerable promise 
for use as catalysts and as catalyst supports. 

25 

As noted above, the microstructural elements forming the 
edges of the cells of the open cell foam structure are 
herein referred to as micro-rods. The cross -sectional 
configuration of these micro- rods plays an iit5)ortant role 

30 in affecting the overall physical properties, such as 
strength, water absorption, reactivity, etc., of the 
highly porous open cell structures. Each micro-rod 
typically has an axial pore of triangular cross -section. 
The axial pores are formed, as described below, by 

35 removal of the reticulated polymeric foam substrate that 
may be used to produce the open cell foam structures. 
These axial pores form an inter- linked capillary system 
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inside the micro -rods, wherein the total volume occupied 
by the capillaries may be about 3 volume percent of the 
micro -rod volume. The axial pores are surrounded by a 
layer, or layers, of material having a porosity that is 
5 controlled according to the methods disclosed below. The 
present invention relates to methods of producing micro- 
rod cross -sectional configurations that result in highly 
porous open cell foam structures having use as improved 
catalysts or catalyst support systems. Fig. l shows the 

10 localized micros tructure, as schematically represented in 
U.S. Patent No. 4,569,821, of an open cell foam structure 
(1) having micro-rods (2) forming the edges of the open 
cells (3). Figs. 2(a), 2(b) and 2(c) show schematic 
illustrations of the triangular cross -sections of the 

15 micro-rods disclosed herein. Fig. 2(a) shows the axial 
pore (4) and micropores (5) in the low porosity material, 
shown as (6) of Fig. 2(b), of the inner core. Fig. 2 (b) 
shows the highly porous layer (7) that surrounding the 
inner core. Fig. 2(c) shows a carrier layer (8) on the 

20 highly porous layer with a catalyst layer (9) coated on 
the carrier layer. 

The preferred method for making the highly porous open 
cell foam structures of the subject invention is slip 

25 casting. The slip casting process may be carried out 

using any of a large number of different methods. In the 
present illustrative method, a reticulated polyurethane 
^JoamjLs used as a substrate wherein the polyurethane foam 
is imbedded with what is generally referred to as a slip 

30 composition. The slip from the slip composition adheres 
to the exposed surfaces of the micro- structural elements 
of the reticulated polyurethane foam substrate. The slip 
composition may be a slurry or dis persion, for example, 
of a sorv£ent_ containing particles of a starting material 

35 that is a ceramic or metal powder mixed or dispersed 
together with a binding agent . Preferably the binding 
agent is an organic binder. The slip composition may 
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include still other components such as a pore- forming 
additive. The solvent, which is not to react with the 
reticulated polymeric foam substrate or the pore- forming 
additive, may typically be water or ethanol. 


The metals or ceramic materials that may be used as the 
starting materials in the present invention may include 
any of the very large number of metals and materials that 
have been used to produce porous metal or ceramic foam 
products. Such metals or ceramic materials include Cu, 
Ni, Fe, Mo, W, Ni-Cr alloys, Ni-Fe alloys, or other 
alloys thereof, stainless steel, porcelain, AI2O3, SiOj, 
M02C, WC or CraC. The preferred metal of the present 
invention is copper, or an alloy of nickel and chromium, 
and the preferred ceramic material is porcelain. 

The metallic or ceramic materials used to make the highly 
porous open cell foam structures may initially be in the 
form of a powder or particles, or any other form which 
may be used to produce highly porous foam products . 
These materials may be obtained from any of many known 
suppliers. The materials may be further characterized as 
being sphere - shaped particles to provide convenient 
fluidity and slip filling. Preferably the starting 
materials used to make both the first and the second slip 
compositions coicprise materials having substantially the 
same ceramic or metallic composition. 

The binding agents that may be used in the slip 
coirposition include polyvii^ l^alcohol and isopropanol. 
The preferred binding agent of the present invention is 
polyvinyl alcohol, which may be obtained from any of many 
known suppliers. 

The reticulated polymeric foam substrate may be selected 
from many different polymers, including polyurethanes, 
polyureas, polyesters, polyamides, polyethers. 
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polystyrenes, polyvinyl chlorides, polyethylene or 
polypropylene. The preferred polymeric foam substrate is 
polyurethane foam, 

5 The slip composition may be prepared by mixing the metal 
or ceramic starting material with the solvent and the 
binding agent to produce a slurry or dispersion. The 
reticulated polymeric foam substrate, for exan5)le, 
polyurethane foam, may be dipped or sprayed with the slip 
10 composition and the excess slip composition is then 

removed before drying to produce dried blanks having a 
single layer of the slip on the exposed surfaces of the 
micro- structural elements of the reticulated polymeric 
foam substrate. 

15 

In one of the preferred embodiments of the present 
invention, a second slip composition is then prepared 
using substantially the same ingredients as above, but 
also including a pore- forming additive. The dried blanks 

20 of the polyurethane foam having the single layer formed 
by the first slip composition may be dipped or sprayed 
with the second slip con5)osition containing the pore- 
forming additive. The solvent is removed by drying to 
produce a polyurethane foam having a double coating on 

25 the exposed surfaces of the polyurethane foam. 

The doubly- coated polyurethane foam may then be heated to 
destroy and remove the polyurethane foam and the pore- 
forming additive and to sinter the ceramic or metallic 

30 materials to form what is herein referred to as a highly 
porous open cell structure having a three dimensional 
array of interconnected micro- rods forming the edges of 
the open cells of the open cell structure. This heating 
and sintering may be carried out using many different 

35 methods known in the art. 

The pore- forming additive is typically an organic 
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constituent that is destroyed and removed with the 
reticulated polymeric foam. The pore -forming additive 
produces pores within the outer layer of the micro -rods. 
The pore- forming additives that may be used include 
5 polystyrene, polyethylene and polymethyl methacrylate . 
The preferred pore- forming additive of the present 
invention comprises particles of polymethyl methacrylate. 
The particle size of the pore- forming additives may be 
from about 10 microns (micrometers) to about 100 microns 

10 in average diameter. The preferred particle size is from 
about 20 microns to about 30 microns in average diameter. 
The weight percent of the particles of polymethyl 
methacrylate is from about 10 weight percent to about 90 
weight percent of the total weight of the material used 

15 to form the outer layer of the micro- rods. Preferably, 
the particles of polymethyl methacrylate are 
substantially spherical. 

The highly porous open cell structures produced using the 

20 methods of the present invention coit5)rise micro- rods 
having an inner core of a low porosity material 
surrotmding an axial pore. The axial pore at the center 
of the micro- rod is produced by destruction and removal 
of the reticulated polymeric foam. The low porosity 

25 material of the inner core is integrally bonded to an 

outer layer that is preferably coir5)rised of substantially 
the same metallic or ceramic con^osition but having 
siibstantially higher porosity than the low porosity 
material in the inner core. The higher porosity of the 

30 outer .layer may be produced by use of pore- forming 

additives in the second slip composition. The degree of 
porosity may be varied by varying the weight percent of 
the pore- forming additive in the second slip composition. 
The low porosity material in the inner core described 

35 herein refers to materials that have a porosity of about 
0.5% to about 10% and the high porosity material of the 
outer layer refers to materials that have a porosity of 
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porosity material of the outer layer has a porosity of 
about 40% to about 70%. 

5 The high porosity material of the outer layer provides 
the micro- rod with a highly porous surface 
microstructure. The highly porous surface microstructure 
is preferred for achieving effective heterogeneous 
catalysis. The low porosity material of the inner core 

10 provides the micro -rod with strength and structural 

integrity. By appropriately controlling the total micro- 
rod thickness and the relative thickness and porosity of 
the low porosity material of the inner core and of the 
high porosity material of the outer layer, highly porous 

15 open cell foam catalysts and catalyst supports may be 
produced having both high permeability and high 
reactivity with noxious components, while still retaining 
the high structural strength and integrity of a high 
capacity catalyst. Preferably the thickness of the 

20 micro- rods is from about 0.1 mm to about 3 mm. Most 

preferably, the thickness of the micro- rods is from about 
0.5 mm to about 2 mm. In addition, the inner core 
preferably has a thickness of about 60% to about 80% of 
the total micro- rod thickness, and the porous outer layer 

25 preferably has a thickness of about 40% to about 20%, 
respectively, of the total micro-rod thickness. 

7^ advantage of the present invention is that the highly 
porous surface layer of the micro- rod is integrally 

•30 bonded to the inner core of the micro- rod such that it 
cannot be easily peeled off as a result of large or 
abrupt teir^^erature changes or rough hEindling. The 
adherence and integrity of the bonding of the high 
porosity material of the outer layer to the low porosity 

35 material of the inner core may be strengthened by 

appropriate selection of the ceramic or metal materials 
used in the slip coir5)osition and by the heating and 
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sintering conditions used to produce the highly porous 
open cell foam materials. Preferably the starting 
materials of the first and second slip compositions are 
substantially the same except for addition of an 
5 appropriate quantity of the pore- forming additive in the 
second slip conposition. 

The preferred ceramic cort^osition of the present 
invention is porcelain. Porcelain is typically comprised 

10 of SiOj, AI2O3, CaO, MgO, TiOj, FejOj, NajO and KjO, The 

highly porous surface microstructure of porcelain micro- 
rods typically has a high specific surface area that 
provides for effective pick-up of reactive components as 
well as for high-quality dispersion of the active 

15 catalytic component. The specific surface area of the 
catalytic support prepared from porcelain using the 
methods of the present invention is typically in the 
range from about 2.0 to about 10 m^/g. 

20 The highly porous open cell foam structures of the 

present invention may be used either as catalysts or as 
catalyst supports . Whenever, the highly porous open cell 
foam structures are used as catalyst supports, the highly 
porous open cell foam structures may be combined with a 

25 catalyst by covering the micro- rods of a metallic open 
cell foam structure with a support layer corrprised of 
metal oxides such as AI2O3, ZrOj or TiOj and then coating 
the surface of the support layer with a catalyst such as 
platinum, platinxam- rhodium, palladium, cerium, Cu, Ni, 

30 etc. The highly porous metallic open cell structures may 
be formed from metals such as Ni, Cr, Mo, Co, W, alloys 
thereof, or stainless steel. 

In one of the preferred embodiments of the present 
35 invention, it was discovered that a highly porous open 
cell foam structure of nickel -chromium metal coated with 
a support layer of 7-aluminum oxide, which was 
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impregnated with a finely dispersed layer of platinum- 
rhodiiim, was surprisingly effective as a hydrogen- 
oxidation catalyst at much lower temperatures than was 
typically observed for known hydrogen- oxidation 
5 catalysts- 

In another of the preferred embodiment of the subject 
invention, it was discovered that highly porous open cell 
copper foam structures with micro- rods having an 
integrally-bonded structure may be made and employed as 
catalysts. In this case, however, it was discovered that 
a different method was preferred for producing highly 
porous open cell foam structures with adequate strength 
as well as effective catalytic activity. If a copper 
micro- rod structure was prepared using the slip xxx 
casting method, wherein the micro- rods had a porosity of 
20 to 50%, the compression strength of the material did 
not reach 0.4 MPa. Porous structures with such low 
compression strength are generally unsuitable for use as 
catalysts . 

Alternatively, an open cell copper foam structure, 
initially having a low porosity throughout the micro- 
rods, may be prepared by chemical or electrochemical 
25 deposition of copper on a permeable open cell 

polyurethane foam. The porosity of the micro- rods 
prepared using this method may be in the range of 0.5 to 
1% and the exposed surface of these micro- rod structural 
elements is smooth. The smooth surface results in a 
30 relatively low reactivity of this material even when used 
at higher temperatures as a catalyst for CO oxidation, as 
shown below: 


10 


15 


20 
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Although there are techniques for providing a porous 
layer on the surface of the micro- rods, such as slip 
casting, chemical precipitation from a solution, etc., 
these techniques do not insure formation of a tight 
integral bond between the low-porosity inner core and the 
porous outer layer. These methods produce a detectable 
boundary interface between the two layers and, thus, do 
not achieve the integral bonding of the subject 
invention. 

It was surprisingly found, however, that highly porous 
open cell copper foam structures with micro -rods having a 
low porosity inner core integrally bonded to a high 
porosity outer layer could be formed by a two-step 
oxidation- reduction process. In the first step, 
oxidation of an open cell copper foam structure having 
low porosity micro- rods may be carried out in air at 
tenperatures from 300-800 '^C to produce a structure 
having a high porosity outer layer on a low porosity 
inner core. Preferably, the oxidation is carried out at 
temperatures from 400-600 °C, If the oxidation 
temperature is too low, a sufficiently thick active outer 
layer is not formed and, thus, catalytic activity is too 
low. If oxidation is performed at too high a 
temperature, the oxidation is too great and causes an 
unacceptable loss in strength of the overall open cell 
copper foam structure. 

After the oxidation step, a reduction step is carried out 
in the presence of hydrogen at temperatures about 200-300 
**C less than the oxidation teit5)erature . A reduction 
tertperature that is too high causes sintering of the high 
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porosity outer layer and, thus, a loss in the active 
surface area and a reduction in catalyst efficiency. 
Using this two-step oxidation- reduction method, a high 
porosity outer layer is formed on and integrally bonded 
5 to a low porosity inner core. Preferably, the porous 
outer layer is 20-40% of the itiicro-rod thickness and has 
a porosity of 50-80%. Preferably, the low porosity 
material of the inner core has a porosity of about 0.5 to 
about 3%. Most preferably, the low porosity material of 
10 the inner core has a porosity of about 0.5 to about 1%. 

This invention will now be described in detail with 
respect to the specific preferred embodiments thereof, it 
being understood that the materials and the process steps 
15 of the following example are intended to be illustrative 
only and that the invention is not intended to be limited 
to the materials, conditions, process parameters and the 
like recited herein. 

20 EXAMPLES OF THE INVENTION 

The first example shows that the micro- rod structure of 
the present invention may be used to produce highly 
porous open cell foam structures having, unexpectedly, 
both high structural strength and high water absorption. 

25 The high water absorption is indicative of high catalytic 
effectiveness. The second example relates to a method 
for preparing highly porous open cell foam structures 
•having a micro- rod structure wherein the highly porous 
open cell foam structure is comprised of copper. The 

30 third exaitqple shows how highly porous open cell 

structures having a micro- rod structure of the present 
invention may be prepared and used as a catalyst support. 

Example 1 

35 Polyurethane foam having an average cell diameter of 2.5- 
3 mm was cut to prepare blanks with dimensions of 35 x 35 
X 25 mm. A porcelain compound obtained from Kamcable Co. 
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(Perm, Russia) and coit^jrising 66.52% SiOj, 27.15% AljOg, 
0.37% FeOa, 0.17% TiOj 1*44% CaO, 0.73% MgO, 2.42% KjO and 
1.20% Na20 was mixed with water and a binding agent, in 
this case, polyvinyl alcohol, to form a slip composition. 
5 The polyvinyl alcohol had an average molecular weight of 
500 and was obtained from Fluka Chemie A.G. 
(Switzerland) . 

The polyurethane foam blanks were soaked in the slip 
10 conposition to coat the exposed surfaces of the 

polyurethane foam with slip. The excess slip was removed 
by squeez ing and the blanks were allowed to dry to form 
dried blanks having a density of 0.1, 0.2, 0.3, 0.4 and 
0.5 g/crf, respectively. 

15 

This process was followed by the preparation of a second 
slip cortposition containing substantially the same- 
composition as the first slip composition, that is, a 
porcelain cortqpovmd mixed in a water solution containing 

20 polyvinyl alcohol, but which, in addition, also included 
a pore -forming additive, polymethyl methacrylate (PMMA) . 
The particles of PMMA were 10 to 100 microns in size, 
predominantly 20 to 30 microns in size, and amoimted to 
15, 30, 50, 80 and 85 weight percent of the total 

25 quantity of ceramic powder. 

Slip from the second slip conposition was deposited on 
the dried blanks by dipping or spraying and the coated 
blanks were provided with a heat treatment that sintered 

30 the materials to produce the highly porous open cell foam 
structures to be used as catalysts or catalyst supports. 
The heat treatment conditions were selected so as to 
provide a gradual bum- out of the polyurethane foam 
blanks and of the particles of PMMA used as the pore- 

35 forming additive. The heat treatment was also intended 
to insure that the shape and permeability remained 
unchanged. To achieve these objectives, the highly 
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porous open cell foam structures prepared from the 
porcelain mixture were sintered at teit5)eratures from 1320 
to 1420 

5 Analyses of the highly porous open cell foam structures 
with a scanning election microscope demonstrated that the 
highly porous open cell foam structures produced by this 
method have a micro- rod structure without a visually 
detectable boundary interface between the low porosity 
10 inner core and the high porosity outer layer. 

To test the suitability of using these sintered materials 
as catalyst supports, they were measured for compression 
strength and for water absorption, as shown in Table 1. 


wo 95/11752 


21 


PCT/US93/10308 
















o 














ti 














Pi 
U U 


o 

O 







in 




0) o 


.„ t 

t 


I 

U 1 

in 







xj m 









1 



1 

1 

nS X) <^ 


I 


U J 

in 



in 

m 



in 

rH 

S S 










rH 

rH 



G 














O 














-H 
























































M a-- 














Of 0) (d 






in 




in 

ro 


m 



in 

O 

H 



H 

H 

H 

H 

H 



o S 














O CO ^ 


o 

iH 

rH 

H 

H 

H 

H 

H 

H 

H 

o 

rH 















4J 














-H 


in 

in 

tn 

in 

m 

m 

in 

in 

m 

in 

in 


0) 

JJ Li 

*H 




-H 


*fi 

*H 

*H 


-f-i 

1 

O 




o 




in 



!>• 


1 

U 


If) 

in 

m 

m 

m 

m 

r-l 

OQ 

in 

CD 

in 


o 




























u 













Q) 

0) 0) 















r-l 


H 

H 

H 


H 

rH 

rH 

rH 


rH 


t* o 

44 

-H 

+1 

-H 


+1 

-H 

•H 

•H 

HH 

1 

HH 


M a 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 


m 


t . 

M 













(D (d 

\U w 













CD XJ 


o 

o 



in 








0) O 


in 


CO 


* 




m 

ro 




O O 











H 
















-HO — 














'dm 














H AJ o m 

C V4 0) 














V4 Q) 1 a 














0) o o ^; 

M 













>i V4 ^ a 

0) 0) 













Cd 0) U-H 

c: u 

o 

o 

o 

o 

in 

o 

o 

o 

o 

o 

O 

o 


c o 

in 

vo 


GO 

CO 







o 


H u 












rH 

0) 














rH 














a 
















r-l 




in 

VD 


00 

cn 

o 

i-H 

C3 

3 d 











rH 


rH 

03 s 















wo 95/11752 


PCT/US93/10308 


22 

The compression strength was measured by Instron 
universal testing equipment, (Instron Limited, England) - 
The water absorption was measured by weighing. The data 
in Table 1 show that an outer layer thickness of about 
5 20% to about 40% of the total micro- rod thickness does 
not, surprisingly, cause a substantial decrease in 
compression strength but still provides much higher water 
absorption than the open cell foam structures not having 
the high porosity outer layers. As shown in Table 1, an 
10 outer layer thinner than about 20% of the total micro- rod 
thickens does not provide for good water absorption and 
an outer layer thicker than about 40% of the total micro- 
rod thickness causes an unacceptable decrease in 
strength. 

15 

If the porosity of the outer layer is less than about 
20%, high catalytic reactivity cannot be achieved and if 
the porosity is greater than about 80%, the outer layer 
may be easily peeled off, thus causing catalytic 
20 reactivity to decrease. 

In comparison with other known open cell foam structures 
in which the micro- rods have a uniform porosity, the 
highly porous open cell foam structures of the present 
25 invention maintain surprisingly high compression strength 
while still having high water absorption. 

Fig. 3 shows the compression strength (MPa) plotted 
against the porosity {%) of the inner core (curve 1) and 

30 against the ratio of the inner core thickness to the 

total micro- rod thickness (curve 2) for a porcelain open 
cell foam structure having an average cell size of about 
2 mm and a density of about 0.5 g/cm^. An increase in 
porosity above about 10% for the inner core material 

35 produces an unacceptable decrease in the overall strength 
of the highly porous open cell foam structure. A micro- 
rod thickness wherein the low porosity material of the 
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inner core is greater than about 60% of the total micro- 
rod thickness is required to achieve a material strength 
greater than about 2 MPa. A material strength of at 
least about 2 MPa is required for satisfactory 
5 application of these materials as catalyst supports. As 
shown in Table 1, if the thickness of the inner core is 
greater than about 80% of the total micro-rod thickness, 
there is a reduction of outer layer porosity and this 
accounts for an unacceptable drop in water absorption. 

10 

Example 2 

Samples of a highly porous copper open cell foam 
structure comprising micro- rods were prepared by first 
forming an open cell structure having a single- layer 

15 micro-rod structure. In the first step, copper was 

chemically deposited on an open cell polyurethane foam. 
Dried blanks were prepared and then the dried blanks were 
heated and sintered at temperatures from about 500 to 
about 900 **C. The material in the single layer micro-rod 

20 structure had a porosity of about 0.5 to about 1%. 

These single- layer micro -rod open cell structures were 
then oxidized in air at a temperature from about 300 to 
about 500 for 1.4 hours. The oxidized open cell 

25 structures were then reduced in hydrogen for about 1-3 
hours at temperatures from about 200 to about 300 to 
produce highly porous copper open cell foam structures 
having a two- layer micro- rod structure. The high 
porosity outer layer had a thickness of about 20% to 

30 about .40% of the total micro- rod thickness and a porosity 
of about 50% to about 80%. The low porosity material of 
the inner core retained the original porosity of about 
0*5 to about 1%. 

35 The catalytic reactivity was tested by means of a 

microcatalytic reactor. The stoichiometric catalytic 
conversion of CO to COj by the subject catalyst was 
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compared with the catalytic reactivity of a surface on 
which a 0.3% layer of palladium had been deposited. The 
coit5)arison was carried out using a helium carrier gas 
having a flow rate of 20-60 crr^/min. The output gas 
5 mixture was chromatographically analyzed using a method 
such as described in "Applied Industrial Catalysis, Vol. 
1, edited by Bruce E. Leach, Conoco Inc. Research and 
Development, Poonca City, Oklahoma, 1983. The kinetic 
characteristics of this process are summarized in Table 
10 2. 
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The initial temperature during CO oxidation on the 
copper -based catalyst was about 110 °C and about 90 °C 
for catalysts prepared using a one- cycle and a two-cycle 
oxidation- reduction process, respectively. The apparent 
5 activation energy of the process equaled 77 KJ/mole for a 
highly porous open cell copper foam catalyst after a two- 
cycle oxidation- reduction process. In the case of a 
palladium- based catalyst, the corresponding data were 
found to be 100 and 64 KJ/mole, respectively. Thus, 
10 the catalytic reactivity of a unit volume of the highly 
porous open cell copper foam catalyst using micro- rods 
was comparable to the catalytic reactivity level of the 
reference palladiiam catalyst. 

15 Substitution of the relatively inexpensive highly porous 
micro- rod open cell copper foam catalyst for much more 
expensive platinum or platinum- family catalysts could 
provide substantial economic savings • 

20 ExajDple 3 

A highly porous open cell foam structure having a micro- 
rod structure of a nickel -chromium alloy was prepared 
using the slip casting process. In this case the slip 
compositions were prepared from a mixture of nickel and 

25 chromium powders wherein the nickel was about 82 weight 
percent of the total metal powder and chromium was about 
18 weight percent. The powders had an average particle 
size of about five microns in dimeter. These powders 
were mixed in water solutions wherein polyvinyl alcohol 

30 was used as the binding agent. The pore- forming additive 
used to produce the porous outer layer of the micro- rod 
was polymethyl methacrylate. 

The first slip composition was coated on a polyurethane 
35 foam and then dried to produce dried blanks which were 
then coated with a slip composition containing the pore- 
forming additive. These doubly- coated blanks were then 
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processed in hydrogen at temperatures from about 1100 °C 
to about 1300 °C to produce highly porous open cell foam 
structures conprised of nickel -chromium micro -rods, 

5 The nickel -chromium micro- rod surfaces were then coated 
with a carrier layer of 7 -aluminum oxide by submerging 
the highly porous nickel -chromium open cell foam 
structure in a saturated solution of sodium aluminate at 
60-70 ®C for three hours. A layer of A1(0H)3 was 

10 subsequently formed by swirling with distilled water 
until the hydrolysis reaction was completed. The 
specimen was then heated in air for three hours at about 
500 *'C to form a y- aluminum oxide carrier layer having a 
thickness of about 60-100 microns and a specific surface 

15 area of about 200 ir^/g- About 20 g/mm^ of the 7 -aluminum 
oxide adhered to the surface of the nickel -chromixim 
micro -rods . 

A platinum- rhodium catalytic layer was then formed on the 
20 surface of the 7 -aluminum oxide carrier layer by 

impregnating the specimen in a 0.5% solution of platinum 
chloride and rhodium chloride and subsequently reducing 
at 60-80 °C in a 1% solution of sodixim formate to produce 
a finely dispersed metallic layer of platinum- rhodium. 
25 The content of platiniim and rhodium was about 0.25 and 
0.1 weight percent, respectively, as compared to the 
total weight of the catalyst. 

The catalytic activity of the specimen was measured using 
30 a gas reactor and an infra-red spectrometer. The degree 
of conversion of CO into COj was used to characterize the 
degree of catalytic activity. The measurements were 
carried out under pulse conditions using the SLONDI 64 '1 
method, which is described in "Applied Industrial 
35 Catalysis," supra . The results were cortqpared with the 
results obtained with a Volvo- 740 catalytic converter 
after it had been used in an automobile that had traveled 
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about one thousand kilometers. The exhaust gases were 
measured at a gas mixture flow rate of 30 liters/hour. 

The results in Table 3 show the high efficiency of CO-to- 
5 COj conversion at low teitperatures for the test samples as 
compared with the Volvo reference. 

TABLE 3 

The degree of conversion of CO to CO2 at T(**C) . The 
10 test sample was prepared according to Example 3 and the 
reference was a VOLVO- 740 catalytic converter. 


15 


T (°C) 20 140 160 180 200 220 240 260 280 300 

Test 33 48 53 57 60 66 74 83 93 98 

Reference 4 8 12 50 69 80 100 100 100 100 
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WHZIT IS CLAIMED IS ; 

1* A highly porous open cell foam structure 
comprising: 

an open cell foam structure having a three 
dimensional array of interconnected micro- rods forming 
the edges of the open cells of said open cell structure, 
said micro- rods having an inner core integrally bonded to 
a porous outer layer, said inner core coitprising a first 
material and said porous outer layer comprising a second 
material, wherein said second material has a 
substantially higher porosity than said first material. 

2. The highly porous open cell foam structure of 
claim 1 wherein said first material comprises 
substantially the same ceramic or metallic coir5)osition as 
said second material. 

3. The highly porous open cell foam structure of 
claim 1 wherein said first material has a porosity from 
about 0.5% to about 10%. 

4. The highly porous open cell foam structure of 
claim 1 wherein said micro- rod has a thickness from about 
0.1 mm to about 3.0 mm. 

5. The highly porous open cell foam structure of 
claim 1 wherein said micro- rod has a thickness from about 
0.5 mm to about 2.0 mm. 

6 . The highly porous open cell foam structure of 
claim 1 wherein said second material has a porosity from 
cJDOUt 20% to about 80%. 

7. The highly porous open cell foam structure of 
claim 1 wherein said second material has a porosity of 
about 40 to about 70%. 
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8. The highly porous open cell foam structure of 
claim 1 wherein said inner core has a thickness from 
about 60% to about 80% of the total micro- rod thickness 
and said porous outer layer has a thiclaiess from about 
40% to about 20% of the total micro-rod thickness. 

9. The highly porous open cell foam structure of 
claim 2 wherein said ceramic or metallic composition 
comprises a composition selected from the group 
consisting of copper, porcelain, nickel and chromium. 

10. A method for forming a highly porous open cell 
foam structure cort5)rising: 

preparing a first slip composition containing a 
first solvent, a first binding agent and a first ceramic 
material ; 

coating a reticulated polymeric foam with said 
first slip composition to produce a coated polymeric foam 
having a first layer on the exposed surfaces of said 
reticulated polymeric foam; 

drying said coated polymeric foam to produce 
dried blanks of said coated polymeric foam; 

preparing a second slip composition containing 
a second solvent, a second binding agent, a second 
ceramic material and a pore- forming additive; 

coating said dried blanks with said second slip 
contposition to produce a doubly- coated polymeric foam 
having a two- layer coating on said e^qposed surfaces of 
said polymeric foam; and 

heating and sintering said douJDly- coated 
polymeric foam to form a highly porous open cell foam 
structure. 

11. The method according to claim 10 wherein said 
first ceramic material comprises substantially the same 
ceramic composition as said second ceramic material. 
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12. The method according to claim 10 wherein the 
pore- forming additive conprises particles of polymethyl 
methacrylate . 

13 . The method according to claim 12 wherein the 
particle size of said particles of polymethyl 
methacrylate is from about 10 microns to about 100 
microns in average diameter, 

14. The method according to claim 12 wherein the 
particle size of said particles of polymethyl 
methacrylate is from about 20 microns to about 30 microns 
in average diameter. 

15. The method according to claim 12 wherein the 
weight percent of said particles of polymethyl 
methacrylate is from about 10 weight percent to about 90 
weight percent of the total weight of said second ceramic 
material. 

16. The method according to claim 10 wherein said 
sintering is carried out at a tenqperature from about 1320 
<»C to about 1420 ^'C. 

17. A method for forming a highly porous open cell 
foam structure comprising: 

preparing a metallic open cell foam structure 
wherein said structure corr^jrises a three dimensional 
array of interconnected micro -rods forming the edges of 
the open cells of said open cell structure; 

oxidizing the surface of said micro- rods to 
form a porous surface microstructure on the outer layer 
of said micro-rods, and 

reducing said porous surface microstructure 
with hydrogen to form a highly porous metallic open cell 
foam structure. 
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18. The method according to claim 17 wherein said 
highly porous metallic open cell foam structure comprises 
copper . 

19 . The method according to claim 17 wherein said 
oxidizing occurs in air at a teirperature from about 300 
«C to about 800 

20. The method according to claim 17 wherein said 
reducing occurs in air at a temperature from about 400 °C 
to about 600 **C. 

21. A method for catalyzing chemical reactions 
comprising: 

catalyzing a chemical reaction with a highly 
porous open cell foam structure; 

wherein said highly porous open cell foam 
structure has a three dimensional array of interconnected 
micro- rods forming the edges of the open cells of said 
open cell structure, said micro- rods having an inner core 
integrally bonded to a porous outer layer, said inner 
core comprising a first material and said porous outer 
layer coii5)rising a second material and wherein said 
second material has a substantially higher porosity than 
said first material. 

22. The method according to claim 21 wherein said 
highly porous open cell foam structure coit5)rises copper. 

23. The method according to claim 21 wherein said 
highly porous open cell foam structure comprises 
porcelain. 

24. The method according to claim 21 wherein said 
catalyzing coitqprises catalyzing the conversion of CO to 
CO2- 
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25. The method according to claim 21 wherein said 
catalyzing comprises oxidizing hydrogen to form water. 

26. A catalyst system comprising: 

a catalyst support; 

a carrier layer on said catalyst support; 
and 

a catalyst coated on said support layer; 
wherein said catalyst support comprises an open cell 
foam structure having a three dimensional array of 
interconnected micro- rods forming the edges of the open 
cells of said open cell structure, said micro -rods having 
an inner core integrally bonded to a porous outer layer, 
said inner core con5)rising a first material and said 
porous outer layer coirprising a second material, wherein 
said second material has a sxibstantially higher porosity 
than said first material. 

27. The catalyst system of claim 26 wherein said 
micro- rods conqprise nickel. 

28. The catalyst system of claim 26 wherein said 
micro- rods coitprise chromitim. 

29- The catalyst system of claim 26 wherein said 
carrier layer coitqprises 7- aluminum oxide. 

30. The catalyst system of claim 26 wherein said 
catalyst conqprises platinum. 

31. The catalyst system of claim 26 wherein said 
catalyst comprises rhodium. 

32. A highly porous open cell foam structure 
comprising: 

an open cell foam structure having a three 
dimensional array of interconnected micro- rods forming 
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the edges of the open cells of said open cell structure, 
said micro- rods having an inner core integrally bonded to 
a porous outer layer, said inner core comprising a first 
material and said porous outer layer comprising a second 
material wherein said first material comprises 
substantially the same ceramic or metallic corr5)osition as 
said second material, wherein said first material has a 
porosity from about 0.5% to about 10% and said second 
material has a porosity from about 20 to about 80%, 
wherein said micro- rod has a thickness from about 0.1 mm 
to about 3 . 0 mm and wherein said inner core has a 
thickness from about 60% to about 80% of the total micro- 
rod thickness and said porous outer layer has a thickness 
from about 40% to about 20% of the total micro- rod 
thickness . 


33. The highly porous open cell foam structure of 
claim 32 wherein said micro- rods comprise copper. 

34. The highly porous open cell foam structure of 
claim 32 wherein said micro- rods comprise porcelain. 

35. The highly porous open cell foam structure of 
claim 32 wherein said micro- rods comprise nickel. 


36- The highly porous open cell foam structure of 
claim 32 wherein said micro- rods con5)rise chromium. 
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FIG. 2(a) 



FIG. 2{b) 



FIG. 2(c) 
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TO THE TOTAL MICRO- ROD 
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